The approximately 10,000-year-long Last Glacial Maximum, before the termination of the last ice age, was the coldest period in Earth's recent climate history 1 . Relative to the Holocene epoch, atmospheric carbon dioxide was about 100 parts per million lower and tropical sea surface temperatures were about 3 to 5 degrees Celsius lower 2,3 . The Last Glacial Maximum began when global mean sea level (GMSL) abruptly dropped by about 40 metres around 31,000 years ago 4 and was followed by about 10,000 years of rapid deglaciation into the Holocene 1 . The masses of the melting polar ice sheets and the change in ocean volume, and hence in GMSL, are primary constraints for climate models constructed to describe the transition between the Last Glacial Maximum and the Holocene, and future changes; but the rate, timing and magnitude of this transition remain uncertain. Here we show that sea level at the shelf edge of the Great Barrier Reef dropped by around 20 metres between 21,900 and 20,500 years ago, to −118 metres relative to the modern level. Our findings are based on recovered and radiometrically dated fossil corals and coralline algae assemblages, and represent relative sea level at the Great Barrier Reef, rather than GMSL. Subsequently, relative sea level rose at a rate of about 3.5 millimetres per year for around 4,000 years. The rise is consistent with the warming previously observed at 19,000 years ago 1,5 , but we now show that it occurred just after the 20-metre drop in relative sea level and the related increase in global ice volumes. The detailed structure of our record is robust because the Great Barrier Reef is remote from former ice sheets and tectonic activity. Relative sea level can be influenced by Earth's response to regional changes in ice and water loadings and may differ greatly from GMSL. Consequently, we used glacio-isostatic models to derive GMSL, and find that the Last Glacial Maximum culminated 20,500 years ago in a GMSL low of about −125 to −130 metres.
. Data from radiocarbon-dated microfossils and macrofossils also helped to define LGM palaeo-shorelines from the Sunda Shelf in the South China Sea 8 and the Bonaparte Gulf of northern Australia 5, 9 . However, large uncertainties remain in local relative sea level (RSL) data and in glacioisostatic (GIA) model inputs, such as ice histories and Earth rheology. These are needed to estimate the bounds of past and future GMSLs, which, for the LGM, range 4,10 from 115 m to 135 m. Precise and accurate sea level histories, often derived from dating of fossil corals and algae, are important. Coastal shelf geometry and location of land-bridges and islands at the LGM have a bearing on probable human migration routes and affect the ecological and species diversity, for example, of endemic flowering plants on islands that had complex, dynamic histories and covered a larger area during the LGM 11 . Sea levels vary with polar ice volumes and the extent of LGM ice-sheets can affect atmospheric pressure patterns and alter the salinity of oceans causing circulation changes 4 . Fossil coral and coralline algae deposits of the LGM-Holocene period at the Great Barrier Reef (GBR) are below the present sea level and were drilled during the Integrated Ocean Drilling Program (IODP) Expedition 325 in 2010 12 ( Fig. 1 ). Corals and coralline algae were recovered from 34 holes, over two transects 500 km apart, at Hydrographer's Passage (HYD-01C) and Noggin Pass (NOG-01B; Fig. 1 ). Depths of up to 150 m below sea level were reached to access the full LGM period 12 . Selected well characterized samples were dated using U-series (coral) and accelerator-based radiocarbon (coral and algae) methods (Extended Data Table 1 ). Sea level depth uncertainties depend on the palaeo-habitat depth range of particular coral and algae species and were conservatively assessed in conjunction with associated algal crust thickness, vermetid gastropods and by benthic foraminiferal assemblages 12, 13 (Figs. 2 and 3, Methods and Extended Data Figs. 1-6). A brief outline of previous determinations of the timing and duration of the LGM shows that it extended from about 29,500 years (29.5 kyr) ago to 19 kyr ago 1 . There is an initial rapid (>40 m) fall in GMSL from 31-32 kyr ago to 29-30 kyr ago (Fig. 4a, b) 1,4 . A protracted gradual GMSL drop was construed at about 29-21 kyr ago 4 . However, this was largely an extrapolation between the two endpoints owing to the sparsity of data which also have large (about 20 m) uncertainties in RSL elevations (Fig. 4c , e) [4] [5] [6] [7] . The onset of deglaciation is apparent from 21 kyr ago with a gradual 10-15 m GMSL rise 4 followed by a short stable, or possibly slowly falling, GMSL from around 18 kyr ago to 16.5 kyr ago (see figure 4a, b of ref. 4 ). From then on, the deglaciation proceeded at a fast pace, at times exceeding 12 m kyr −1 during the so-called meltwater pulses 14, 15 . We converted our new GBR local sea levels to global values through GIA modelling (Methods), which accounts for the higher GBR coastline elevations owing to increased ice volumes and reduced adjacent ocean water loading. Our new GBR local sea levels, converted to global values through GIA modelling (Methods), substantially diverge from earlier determinations and completely revise the internal structure of the LGM GMSL (Fig. 4b) . A large number of data points from the Noggin Pass and Hydrographer's Passage sections show a relatively constant sea level from about 28 kyr ago to 22 kyr ago after the initial rapid fall from 31 kyr ago Letter reSeArCH 30 kyr ago to 21.5 kyr ago at a mean value of 113 m within a range of about 6 m and represents the early LGM period, LGM-a ( Fig. 4b ; red band). This is much shallower than former estimates 4 (Fig. 4b ). The previously identified 16, 17 'onset of deglaciation' about 19 kyr ago in fact corresponds to a rapid sea level fall followed by an approximately 4-kyr-long and 3.5 m kyr Table 1 ). This point defines the start of LGM-b, after which the GMSL slowly rises to 120 m about 17 kyr ago followed by a rapid transition towards full deglaciation. The rates of net ice mass gain or sea level fall at the inception of both the LGM-a (about 30 kyr ago) and LGM-b (about 21 kyr ago) are similar, in the approximate range 15-20 mm yr −1 , as determined from the slopes of the GMSL curves. This GIA-modelled, very fast, maximum glaciation rate is notably faster than the mean LGM-Holocene deglaciation rate 4 of around (metres below sea level)   10  12  14  16  18  20  22  24  26  28  30  32  34   Age (kyr)   M0031-33A  M0035A, 36A  M0039A   M0053A  M0054A, B  M0055A HYD-01C NOG-01B
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LGM sea level drop at LGM-b. Here, the sea level drop is apparent as a distinct age discontinuity observed in cores M0055A and M0031-33A from the NOG and HYD transects, respectively, separated by more than 500 km in the GBR. Cores obtained from different fossil GBR terraces and reefs reveal the trajectory of past sea level changes. Five reef sequences are distinguished on the basis of the IODP Expedition 325 record: Reef 1 (≥30 kyr old), Reef 2 (27-22 kyr old), Reef 3 (3a, 21-17 kyr old; 3b, 17-13 kyr old), Reef 4 (13-10 kyr old) and Reef 5 (the modern GBR). The major growth hiatus evident from both the HYD and the NOG sections marks the death of Reef 2 (22.1-21.9 kyr ago) following the sea level fall leading to LGM-b and re-establishment of reef (Reef 3a) further seaward 20.7-20.5 kyr ago (Extended Data Figs. 3-5) . The age versus depth relationships, and the presence of freshwater low-magnesium calcite cement, in Reef 2, confirms subaerial exposure during the LGM-b period. In contrast, their absence below Reef 3a deposits places a maximum limit on the drop in sea level (Methods). At the end of the LGM, 17 kyr ago, the sea level rose rapidly, flooding the outer shelf and causing the re-establishment of the reef over its former position (Reef 3b), marking the end of the hiatus at the top of Reef 2 about 17 kyr ago. . The sea level drop at LGM-b is strikingly evident in cores from both HYD and NOG sections as a major growth hiatus in cores M0031-33A and M0055A-33 (Fig. 2) . Deposits of freshwater calcite cement, in corals below the hiatus, indicate subaerial exposure and low sea levels (Methods; Extended Data Fig. 5 ). In turn, the gap corresponding to the low in sea level is picked up at five other sites, M0035, M0036, M0039, M0053 and M0054, at lower elevation, to complete the sea level curve (Extended Data Fig. 3) .
We have established an ice model, based on the new GBR RSL data, that provides good agreement with other far-field RSL records when combined with a range of Earth model parameters that span the possible range of viscosities for the upper and lower mantle as well as lithospheric thickness. Model predictions of RSLs over the LGM-a and LGM-b periods generally agree well with the trends derived from existing data (Fig. 4, Extended Data Fig. 7 ; Supplementary Information). The magnitude of the sea level drop at the start of the LGM 1,4 (about 29 kyr ago) is about 40 m, constrained by coral data from the Huon Peninsula 18 and Barbados 19 , and by foraminifera oxygen isotope records from the Red Sea 20 within relatively large (about 10 m) uncertainties. There is also close agreement between model results and data over the deglaciation period from 17 kyr ago onwards except at Barbados (Fig. 4c) . Here, the systematic overshoot of the data above the sea level curve is indicative of additional processes, possibly tectonic in nature 15 . This is consistent with independent evaluations including a study 10 that uses the rate of change of degree-two harmonics of Earth's geopotential due to GIA.
The very rapid build-up of global ice volume during the two periods of transition at LGM-a (about 29-31 kyr ago; ref. and NOG (b, red) transect cores were examined for coral, coralgal algae and benthic foraminiferal assemblages (Extended Data Figs. 1 and 2) with the help of X-ray computed tomography scanning and X-ray diffraction (Supplementary Information), which revealed detailed features of RSL histories during the past 35 kyr. The >500 dates, selected through detailed sedimentologic and biologic analyses (Methods), provided a robust chronostratigraphic framework that defined five distinct reef sequences (Reefs 2 to 4 are labelled in Fig. 2 ), which grew episodically over the past 30 kyr. The RSLs constructed here depend on the age (horizontal grey lines) and the sea level depth uncertainties (bars are ranges) related to palaeo-habitat depth range (grey upward lines) of each dated coral or algal sample and the maximum coring depth uncertainty (grey downward lines). The palaeowater depth ranges for shallow water species (blue and red shading) were conservatively estimated using a multiproxy approach combining coral, coralline algae and other key indicators such as algal crust thickness, and the presence of vermetid gastropods (Methods, Extended Data Table 1 ). We note that the disconnected palaeowater depth lines on some samples are indicative of deeper habitat ranges, probably >20 m water depth. The distribution of marine and freshwater cements in the cores were used to support the new estimates of the timing and magnitude of the LGM-b sea levels (Extended Data Figs. 3-5), including hiatuses and regressions.
Letter reSeArCH ago, agrees with observations of the late retreat of the West Antarctic Ice Sheet at this time 1, 23, 24 . However, the major increase in ice volume, precipitating the onset of LGM-b, appears to have been during a short period (20 to 21 kyr ago) over the North American Ice Sheet, after which the North American Ice Sheet retreated from about 20 kyr ago onwards 25 (Extended Data Fig. 8 ). The enlarged global ice volume about 30 kyr ago 1, 4, 18, 26 , equivalent to about 40 m of sea-level drop, persisted for over 8 kyr. Similarly, the low Northern Hemisphere insolation and somewhat reduced atmospheric carbon dioxide levels around 21-22 kyr ago led to a period of cold climate, very low tropical Atlantic sea surface temperatures and ultimately the transition to LGM-b. At this time, increased Southern Hemisphere insolation is likely to have facilitated moisture transport to the South, increasing the Antarctic Ice Sheet volume 1, 18, 27 . The Heinrich event 1 about 17 kyr ago marks the end of LGM-b when full deglaciation kicked in as the pace of Northern Hemisphere insolation and atmospheric carbon dioxide levels increased rapidly (Fig. 4) .
The two sharp transitions preceding the LGM-a and LGM-b periods, associated with rapid accumulation of ice and lower sea levels, at the end of the last ice age, do not appear to be explicable in terms of processes attributable to any specific climate-change dynamic. During this time (around 29-19 kyr ago), oxygen isotope records in ice cores do not show a clear, distinct signal; the carbon dioxide levels were stable, insolation at the time was not very different to the present and tropical sea surface temperature did not change notably 1, 28 . A systematic behaviour in sea level and climate has previously been noted 29 whereby transitions between two states, cold to warm or warm to cold, took place via a third state that was more extreme, as in the MIS3-LGM-Holocene transition (where MIS3 indicates the last ice age at marine isotope stage 3) or at the end of the last interglacial, a final high-stand before the MIS 5d transition. A similar behaviour in climate was previously noted where the appearance of an intermediate, extreme third state may have resulted in a shift from '41-kyr' cycles to '100-kyr' cycles about 800-1,000 kyr ago 30 . These bifurcations can be thought of as distinct energy states of climate between which 'stochastic perturbations' can cause transitions 30 . It appears that the same behaviour may occur over short timescales, not only over 100-kyr cycles. The transitions are not only manifest in climate but are also associated with sea level change.
Online content
Any Methods, including any statements of data availability and Nature Research reporting summaries, along with any additional references and Source Data files, are available in the online version of the paper at https://doi.org/10.1038/s41586-018-0335-4. 20 Pa s. We note the foraminiferal oxygen-isotope-based Red Sea data 20 (h), which supports the new GMSL calculations from the present study within uncertainties (about 10 m). The orange shading in h represents confidence intervals of 95% for the RSL data (light orange) and the probability maximum (dark orange) reported in ref. 20 . . In preparation for Expedition 325, potential drill sites were surveyed with the CSIRO ship RV Southern Surveyor using multibeam sonar, seismics, an autonomous underwater vehicle and rock dredging 12, 32 . At most of the GBR locations, the shelf breaks at approximately 120 m and is populated with prominent terrace-like structures; other relict reefs appear successively at depths [33] [34] [35] of 100-90 m, 60-50 m and 35-40 m.
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The mission-specific platform chosen for Expedition 325 was the Greatship Maya, an IMO class II vessel capable of being positioned dynamically for geotechnical coring 32, 35 . The expedition took place between 12 February and 6 April 2010. A total of 34 holes across 17 sites were sampled, ranging in depth from 46.4 m to 170.3 m such that the recovered coralgal deposits span several crucial but poorly defined periods during the LGM and last deglaciation. Sampling occurred at three locations along the northeastern coast of Australia, but this study focuses on one transect at 19.7° latitude offshore of Cairns at Noggin Pass (NOG-01B), and another at 17.1° latitude, offshore of Mackay at Hydrographer's Passage (Fig. 1,  HYD-01C) . Photographs of half-sectioned reef cores, relevant to the present study, are shown in Extended Data Figs. 1 and 2 together with the depths and genera of the dated corals and coralline algae. Classification of coral genera and species in terms of their habitat preferences according to depth and turbulence levels is also supported by considering the habitats of associated coralline algae taxa and crust thickness and vermetid gastropods. For example, individual coralline algae can have a limited range of habitats-bounded by sensitivity to light levels, wave energy and other factors-and can be used to more accurately constrain the palaeodepth ranges. Using this careful and detailed multi-proxy approach, each dated coral and coralline algae sample was placed within an internally consistent coralgal assemblage and palaeobathymetric scheme 36, 37 , enabling the construction of an independent RSL envelope at each site (Extended Data Figs. 1-3, Extended Data Table 1 and Supplementary Information). Main lithologic facies observed in the Expedition 325 cores. The main lithologies are divided into coral reef framework and detrital sedimentary facies. The three boundstone facies are defined by their varying proportions of corals, coralline algae and microbial deposits forming coralgal, coralgal-microbialite and microbialite-dominated boundstones. The detrital facies can occur locally as internal sediments within the boundstones, or as metre-scale intervals of packstones to rudstones and unconsolidated sediments. Details of facies and depth estimates using facies as well as coral and coralline algae assembly can be found in Extended Data Figs. 1 and 2 and Extended Data Table 1 , and are derived from ref. 12 .
Reef 2 hiatus and GMSL drop to LGM-b.
A major growth hiatus is observed in the inner shelf terrace at 104-106 m below sea level, at both HYD-01C (Hole M0031-33A) and NOG-01B (Hole M0055A) (Extended Data Figs. 3 and 4) 
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. This represents the turn-off (death) of Reef 2 about 21 kyr ago and is interpreted to be caused by the drop in sea-level to the LGM-b. The coralgal assemblages show that palaeowater depths were shallow (<10 m) just before the death of Reef 2, and lithologic and seismic evidence indicates that Reef 2 was a major subaerial exposure surface 12 . Furthermore, detailed scanning electron microscopic, energy-dispersive X-ray spectrum, X-ray diffraction analyses and thin-section observations of Reef 2 deposits confirm that they were exposed to freshwater or subaerial environments (for example, low-magnesium calcite cements in Hole M0055A Core 4R1) during the sea level lowstand at LGM-b (Extended Data Fig. 5 ). At this time shallow reef development migrated about 1-0.25 km seawards (that is, Reef 3a) in <2 kyr, as the RSL sea level fell to 118 m below present by about 20.5 kyr ago. The Reef 3a deposits and the older-than-MIS3 deposits are characterized by wholly marine diagenetic features consistent with the interpretation that the LGM-b sea level did not fall below this level (Extended Data Fig. 6 ). Sea level rose during the deglacial, causing major Reef 3a aggradation 12 before re-flooding the inner shelf terraces about 16.5 kyr ago and causing the re-establishment of the reef (Reef 3b) over its former position, marking the end of the hiatus at the top of Reef 2. Determining the ages of sea level indicators. More than 165 representative coral skeletons and their aragonite content were analysed by powder X-ray diffraction, X-radiography, scanning electron spectroscopic and petrologic investigations, all of which confirmed the pristine nature of the dated samples 2 . In a few cases, X-ray diffraction picked up minor signatures of high-magnesium calcite, probably due to trace amounts of coralline algae and microbialite sediment. Yet no notable calcite peaks were observed in most cases. Physical cleaning of branched corals for U-Th dating and severe acid dissolution (more than 50% of their weight) of samples for radiocarbon dating was used to remove potential secondary precipitated materials. For massive Porites corals, physical cleaning is difficult, requiring further geochemical tests including inductively coupled plasma mass spectrometry analyses (ICP-MS). Skeletal Mg/Ca ratios confirmed the absence of large amounts of high-magnesium calcite and secondary aragonite cements. Even when secondary aragonite was found, the ages are not much affected because the form of the cements is indicative of the early post-mortem phase of corals. U criteria: for samples of the deglacial period between 17 kyr ago and the present, the acceptable range was 1.1452 ± 0.0140, whereas for the samples from 30 kyr ago to 17 kyr ago 1.1402 ± 0.0140 was used. All data used to reconstruct the RSL envelopes for each transect are shown in Supplementary Information (see Methods section 'RSL reconstruction' for more details) and the primary samples used to determine the specific RSL inflection points are indicated as 'HY-1, 2' and 'NO-1, 2' for HYD-01C and NOG-01B, respectively, in Supplementary Information and highlighted in bold. U-series and radiocarbon ages from the same coral samples also showed remarkable consistency, along with radiocarbon ages on directly adjacent coralline algae. Taken together, and combined with the consistent reproducibility of the RSL envelopes between two transects, more than 500 km apart, this confirms the veracity of the data. Radiocarbon dating. More than 500 radiocarbon dates were obtained using corals and coralline algae samples, which were all processed at the Atmosphere and Ocean Research Institute at the University of Tokyo to convert them into graphite 38 . Typically, 1 mg or more of graphite was measured using a Single Stage Accelerator Mass Spectrometer at the Atmosphere and Ocean Research Institute 39 and at the Australian National University (ANU) 40 . The results were then converted to calendar ages with local reservoir ages (12 ± 10 yr) from ref. 41 , which we obtained by averaging between Heron Island (8 ± 6 yr) and Abraham Reef values (15 ± 6 yr). The calibration was then performed using international calibration datasets (IntCal 13 and Marine 13) 42 . Analytical procedures, mass spectrometry and U-Th dating. The analytical data are listed in Supplementary Information. Consistency between laboratories for replicate measurements of a single specimen is within 100 years, which is similar to the intra-coral variability observed in some specimens measured using the highprecision (Woods Hole Oceanographic Institute) method. Uranium series dating were conducted at three different laboratories: the Australian National University (ANU), the University of Oxford and the Woods Hole Oceanographic Institute. A 61-cm mass spectrometer is used at ANU, which can operate in charge mode 43 . The -Ω resistors. The instrument was calibrated with reference to a secular-equilibrium standard HU-1.Comparisons with Western Australian last interglacial samples 44 and with Hulu Cave speleothem data 45 showed precise agreement with previous measurements. Sample processing followed previously established procedures 46 . U and Th were separated from the coral carbonate using U-Teva resin in a single pass. U is similarly determined statistically in Faraday collectors but on an unspiked aliquot.
All activity ratios and ages are calculated using the half-lives reported in ref. 45 . Ages are presented in Extended Data Table 1 U as a proxy for the amount of detrital contamination, an assumed detrital composition of crustal origin 49 , and an allowance for non-secular equilibrium of the contaminant.
Letter reSeArCH RSL reconstruction. The sample context was assessed using established criteria 12, 32 including: (1) core quality, (2) orientation of well preserved corallites; (3) thick coralline algal crusts capping upper coral surfaces; (4) evidence of substrate attachment; and (5) the presence or absence and orientation of geopetals in lithified facies. Using these criteria, all the samples were classified into the following four context categories: (1) IS = in situ (convincing supporting evidence), (2) IS? = likely in situ (inclusive supporting evidence), (3) ISX = not in situ (convincing non-supporting evidence, and (4) ISN = status not known (inadequate evidence either way). Samples from highly drill-disturbed or poor recovery intervals were excluded. A total of 540 samples satisfying these criteria were used to construct a RSL envelope (upper and lower bounds) at both sites. Despite known temporal differences in ocean reservoir age, the coral U-Th and coral/coralline 14 C ccelerator mass spectrometry ages are remarkably consistent. However, wherever possible we used the more precise U-Th coral ages to constrain the upper and lower bounds of the envelopes. This was achieved by visually fitting a line through the dates that were >1 m apart and outside their analytical age errors, while also taking into account the upper bound of the palaeowater depth estimate of each sample and any core recovery uncertainties (Supplementary Information). Where multiple coral dates overlapped (in time) we used the mid-point between samples. If replicate age determinations were available for the same sample (that is, same coral colony or coralline algal crust) (Supplementary Information) an average age was calculated and plotted in Fig. 3 . The upper bound or minimum position of the sea level envelope was further constrained by considering the overlapping palaeowater depth ranges of both the shallow-water sea level indicators and their coeval, deeper fore-reef slope equivalents. Finally, the major inflection points marking clear changes in the direction, amplitude and rate of RSL change were also identified for each envelope (Fig. 3) . Thus the lower bound (that is, maximum sea level position) of RSL curves and the specific samples defining them are indicated in bold in Supplementary Information (that is, HY-1, 2 and NO-1, 2) and a close-up of the key samples constraining LGM-b is also shown in Extended Data Fig. 6 . GIA model predictions. The GIA model calculations included an Earth model describing the viscoelastic properties of the solid Earth, as well as an ice component documenting the ice melting history, reconstructed mainly from farfield sea level observations 4, 50 . The Earth model is based on the seismologically derived Preliminary Reference Earth Model (PREM) 51 and consisted of an elastic lithosphere with an upper-and lower-mantle divide at 670-km depth. The lithosphere thickness was 70 km and upper-and lower-mantle viscosities ranged from (1-10) × 10 20 Pa s and (1-100) × 10 22 Pa s respectively. This model provides an accurate treatment of time-dependent continental shorelines 52 and the Earth rotation feedback on sea level 53 . The ice model described above was adjusted to match the newly obtained (RSL) records from the GBR. The analytical uncertainties in RSL were taken into account and the shallow and deep extremes of the RSL envelope were tested. We first employed the ice history model developed by the ANU group 4 and ran the GIA model to obtain RSL histories for the GBR. The ANU ice model with the same relative ice volumes was then scaled to fit the NOG and HYD RSL. The scaling was done manually within a reasonable range of various parameters and by keeping the relative ice volume of various ice sheets the same as in the original ANU model, though keeping the Eurasian ice model almost the same as the ANU model since the history of this ice sheet is reasonably well constrained from both observations and models [54] [55] [56] compared to other ice sheets. The chosen Earth parameters (lithospheric thickness 70 km, upper-mantle viscosity 2 × 10 20 Pa s, and lower-mantle viscosity 10 22 Pa s) 57, 58 fit the GBR region Holocene sea levels well. The analytical uncertainties in RSL and the range in Earth model parameters (approximately ±2.5 m contribution to GMSL) were used in calculating the MAX and MIN extremes (Extended Data Figs. 8 and 9 ). Supplementary Information shows GMSL contributions individually for each major ice sheet and for the ANU and highest and lowest sea level GMSL scenarios (in eustatic terms). The two GMSL curves were then used to construct RSLs in far-field sites with previously published RSL data for comparison (Fig. 4 and Extended Data Fig. 7 ). Potential Earth model uncertainties were also considered with variable lithosphere thickness and a range of viscosities, of the lower as well as the upper mantle, resulting in more than 60 GIA model experiments. Shaded areas of curves represent possible ranges in RSL for individual sites (Fig. 4 and Extended Data Fig. 7) . Visual inspection of the results indicates that the MAX model fits the data remarkably well for almost all the far-field locations tested. In turn, this indicates that the shallow coral habitat depth estimates appear to be sufficiently robust without necessitating extended, deeper-water limits.
During the LGM (30-19 kyr ago; Fig. 3 ), water depth uncertainties for most samples from the HYD and NOG transects are <5 m. Figure 2 shows RSL curves derived from MAX and MIN models. Various Earth rheology parameters were also tested using both MAX and MIN ice models where the shaded region around GMSLs in Extended Data Fig. 9 represents the corresponding range in RSLs.
During the LGM, the maximum magnitude of RSL difference 59 between the two transects is less than 10 m and hence RSL variations arising from hydro-isostasy are small. The models were run over the maximum possible ranges of the rheological parameters so that the range of RSLs depicted in the shaded zone in Extended Data Fig. 9 cover the full range of possibilities. Traditionally, lower-mantle viscosity has been estimated as about 10 22 Pa s using far-field RSL observations 57, 58 , whereas recent studies have reported much higher values 4 of about 7 × 10 22 Pa s. Thus, assuming a typical lithospheric thickness and upper-mantle viscosity, respectively, of 70 km and 2 × 10 20 Pa s, the maximum RSL differences associated with the above range of lower-mantle viscosities is about 5 m (Extended Data Fig. 9 ). This number is smaller than the typical uncertainties inherent in RSL observations at the GBR and is therefore well suited for reconstructions of GMSLs during LGM-a and LGM-b. In summary, we concluded that the MAX model provides the best estimate of GMSLs as well as indicating that these tighter depth uncertainties for GBR corals 12 do provide consistent results. Therefore, the extended MIN to MAX range, employed here, covers the likely range of GMSL constructions with confidence, as can be ascertained by visual inspection (Extended Data Fig. 9 ).
Glaciological evidence, including from ice cores, cannot easily accommodate the required increase in ice volume. However, the total increase is shared among the large ice sheets (Extended Data Fig. 8 ). Ice cores retrieved from Antarctica and Greenland are not able to resolve the required magnitude of elevation changes in continental interiors. It is also likely that current ice-free regions may have been places that retained the extra ice at these times. For example, recent evidence suggests that an extensive ice sheet was grounded on the Ross Sea for at least 3,700 years 60 . New bathymetric data as well as glacial models support these conclusions 61 . However, there is still scope to improve the glaciological models and we hope that our data will contribute to this effort.
Discrepant Fig. 3) . This boundary is characterized by major changes in lithologies, coralgal assemblages and diagenetic features, including fresh water and meteoric cements (blue star) indicating that the top of Reef 2 has been subaerially exposed. (LMC, low-magnesium calcite; RD, reef-death events.)
